Acute myocardial infarction (AMI) is one of the major causes of morbidity and mortality in the world. Ischemia/reperfusion (I/R) injury-induced cardiomyocytes death is the main obstacle that limits the heart function recovery of the AMI patients. Reactive oxygen species (ROS) generated by mitochondria is the main pathological stimulus of cardiomyocytes death during heart I/R injury process. Hence, to understand the underlying mechanism of cardioymocytes proliferation and apoptosis under oxidative stress is crucial for effective AMI therapy. In this study, we found that the expression of long non-coding RNA HOTAIR was significantly downregulated in H9c2 cells in response to oxidative stimuli. HOTAIR knockdown further attenuated H9c2 cells proliferation and accelerated H9c2 cells apoptosis in oxidative stress, while HOTAIR overexpression can protect H9c2 cells from oxidative stress-induced injury. Additionally, HOTAIR acted as a sponge for miR-125. MiR-125 inhibitors restored the H9c2 cells proliferation and migration potential after HOTAIR knockdown in oxidative stress. Meanwhile, MMP2 was identified as a target of miR-125. MMP2 knockdown blocked miR-125 inhibitors' protect effect on H9c2 cells in oxidative stress. Further study demonstrated that HOTAIR inhibition can aggravate oxidative stress-induced H9c2 cells injury through HOTAIR/miR-125/MMP2 axis. Our finding revealed a novel regulatory mechanism for cardiomyocytes proliferation and apoptosis under oxidative stress conditions, which provided a therapeutic approach for myocardium repair after AMI injury.
Introduction
Nowadays, acute myocardial infarction (AMI) is a lethal heart disease worldwide [1] . As the heart demands high energy for normal function, ischemia to the infarcted myocardium blocks nutrients and oxygen transport and then induces heart damage [2] . It has been thought that timely reperfusion of blood flow to the ischemic myocardium is crucial for the salvage of ischemic myocardium. However, numerous studies have demonstrated that rapid restoration of the blood to the infarcted heart tissue causes serious acute and chronic myocardial damage, which is termed ischemia/ reperfusion (I/R) injury [2] . Reperfusion blood initiates cell death mainly through pathological oxidative stress in the myocardium ischemic tissue [3] . ROS includes hydrogen peroxide (H 2 O 2 ), superoxide anions (O 2 -•) and hydroxyl radicals (•OH). Excessive accumulation of ROS is the main reason of oxidative stress during I/R injury. Several therapeutic approaches through diminishing ROS are capable of attenuating I/R injury-induced heart damage [4] . Therefore, exploring the underlying mechanism of attenuating cardiomyocytes death after oxidative stress is essential for developing an effective therapeutic approach for AMI disease.
Long non-coding RNAs (lncRNAs) are endogenous cellular RNAs with lengths ranging from 200 bp to 100 kb [5, 6] . Recently, lncRNAs have attracted widespread attention for their important functions in physiological and pathological conditions, such as embryonic development, cell proliferation and tumorigenesis [5, 7] . LncRNAs may function as competitive endogenous RNAs (ceRNAs) to sponge microRNAs, which leads to reduced regulatory effect of microRNAs on targeted genes [8] . Currently, an increasing number of studies have implied that lncRNAs are dispensable in heart development as well as heart failure [9] [10] [11] , while only a few studies have revealed the role of lncRNAs in AMI or I/R injury [12] .
HOX antisense non-coding RNA (HOTAIR) is a lncRNA transcribed from the HOXC locus, with a length of 2158 nucleotides. Previous studies have suggested that HOTAIR is an oncogenic factor and functions as a prognostic biomarker in many types of cancers [13] [14] [15] . HOTAIR has also been shown to be regulated by hypoxia and can modulate cell proliferation and apoptosis [16, 17] . Additionally, the role of HOTAIR in the cardiac system has been recognized recently. HOTAIR was downregulated in the mouse hypertrophy heart and in end-stage post-ischemic heart failure patients, which indicated that HOTAIR plays a potential role in heart function [12, [18] [19] [20] . However, whether HOTAIR is involved in the regulation of myocardium injury induced by oxidative stress is still unknown.
In this study, we explored the role of HOTAIR in the regulation of the cardiomyocytes injury in response to oxidative stress. We demonstrated that HOTAIR can regulate the apoptosis, proliferation and migration of cardiomyocytes-derived H9c2 cells through miR-125/MMP2 pathway under H 2 O 2 -induced oxidative stress. This finding can facilitate the understanding and development of therapy target for myocardium I/R injury disease.
Materials and Methods

Cell culture
The H9c2 cells were cultured in DMEM medium (Gibco, Carlsbad, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, USA). Next, the cells were cultured in a humidified incubator containing 95% air and 5% CO 2 at 37°C.
RNA interference and cell transfection
HOTAIR and MMP2 specific RNAi oligonucleotides (siRNA), microRNA mimics and inhibitors were designed and synthesized by GenePharma Co., Ltd (Shanghai, China). The sequences of siRNAs were as follows: siHOTAIR, 5′-GGAGAACACUUAAAUAAGUTT-3′; siMMP2, 5′-GAACCAGAUCACUACAGGTT-3′; microRNA-125-5p mimics: 5′-UCCCUGAGACCCUUUAACCUGUGA-3′; and microRNA-125-5p inhibitor: 5′-UCACAGGUUAAAGGGUCUCA GGGA-3′. The RNA oligonucleotides were transfected into H9c2 cells using Lipofectamine-2000 (Invitrogen, Carlsbad, USA) in Opti-MEM culture medium. After 48 h of culture, the samples were collected.
Total RNA isolation and quantitative real-time PCR (qRT-PCR)
Total RNA of the cells with different treatments was extracted using Trizol reagent (Invitrogen) according to the manufacturer's protocol.
The RNA concentration was detected using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher, Waltham, USA). Total RNA (2 μg) was reversed transcribed using the EasyScript One-Step gDNA Removal and cDNA Synthesis SuperMix (Transgen biotech, Shanghai, China). cDNA (10 ng) was applied for qRT-PCR amplification using the SYBR Green master mix (Thermo Fisher) and operated on the Prism 7500 SDS system (Applied Biosystems, Foster City, USA). Relative mRNA and microRNA expression levels were normalized to GAPDH or U6 snoRNA. The primers for various genes were as follows: HOTAIR (forward: 5′-CAGTGGGGAACTCTGACTCG -3′, reverse: 5′-GTGCCTGGTGCTCTCTTACC-3′); miR-125 (forward: 5′-GGGTCCCTGAGACCCTTTAA-3′, reverse: 5′-CAGTGC GTGTCGTGGAGT-3′); and MMP2 (forward: 5′-CAAGGACCGG TTCATTTGGC-3′, reverse: 5′-GGCCTCGTATACCGCATCAA-3′). Relative MMP2 expression levels were normalized to GAPDH.
Western blot analysis
The cell samples with different treatments were lysed using RIPA lysis buffer (Donghuan Biotech, Shanghai, China). Next, the lysates were gently agitated and centrifuged at 4°C. The concentration of the protein mixtures samples was detected using BCA Protein Assay Kit (Thermo Fisher). The protein mixture samples were separated by 12% SDS-PAGE and then examined by western blot analysis using anti-MMP2 antibody (Abcam, Cambridge, UK). The immune-reactivity was visualized using the Chemiluminescence Detection Kit (Thermo Fisher) and the data were analyzed using Gel-pro Analyzer software. Relative MMP2 expression levels were normalized to GAPDH.
Cell viability assay
The H9c2 cells with different treatments were plated in the 96-well plate. Twenty-four hours later, Cell Counting Kit-8 (CCK8) (Transgen biotech, Shanghai, China) was added into the 96-well plate and then the absorbance at 450 nm was detected using a microplate reader. Finally, the data were collected and analyzed.
Cell migration assay
The transwell chambers (Corning Co, Corning, USA) were used to analyze the migration ability of H9c2 cells according to the manufacturer's introduction. The upper transwell chamber containing medium with 0.5% FBS, while the lower chamber was filled with medium containing 10% FBS. H9c2 cells were seeded onto the upper transwell chamber. After cultured for 18 h, the migrated H9c2 cells were stained with crystal violet for 15 min at room temperature, and observed and imaged with a microscope (Olympus, Tokyo, Japan).
Luciferase reporter assay
The wild-type (Wt) reporter construct was obtained by cloning the HOTAIR full length and MMP2-3′UTR sequences, which were amplified by PCR, into the psiCHECK-2 luciferase reporter plasmid (Invitrogen, Carlsbad, USA). The putative binding site was mutated as HOTAIR-Mut and MMP2-Mut. The H9c2 cells were cotransfected with the HOTAIR and MMP2 Wt or Mut plasmids (2 μg), and miR-125 mimics (50 nM). Forty-eight hours after transfection, luciferase activities were examined using the Dual-Luciferase Reporter Assay System (Promega, Madison, USA).
TUNEL assay
The TUNEL assay was performed using TUNEL apoptosis assay kit (Roche, Basel, Switzerland). Briefly, the H9c2 cells were plated in the 6-well plates at a density of 10 5 cells per well. After different treatments, the cultured cells were dehydrated with ethanol of gradient concentrations. Then the cells were mixed with TUNEL reaction mixture (Beyotime, Shanghai, China) after permeabilized with 0.3% TritonX-100 for 1 h at 37°C. Hoechst (Sigma, St Louis, USA) staining was also performed to indicate the cells. Finally, the apoptotic cells were counted under a fluorescence microscope (Zeiss, Oberkochen, Germany).
Statistical analysis
All experiments were performed at least three times. The data were analyzed by the statistical software SPSS (version13.0.0). All data were presented as the mean ± SEM. Statistical analysis was performed using Student's t-test or one-way ANOVA. Results were considered statistically significant at P < 0.05.
Results
Oxidative stress affects the proliferation and apoptosis of H9c2 cells
As pathological oxidative stress is the main cause of cardiomyocytes necrosis during the treatment of ischemia/reperfusion (I/R) injury, and H 2 O 2 is a major component of ROS [21] , we first established the model of H 2 O 2 -induced oxidative stress in H9c2 cells. When H9c2 cells were exposed to the increasing concentrations of H 2 O 2 (50, 100, and 200 μM), a dose-dependent manner was observed in loss of cell viability (Fig. 1A) . Meanwhile, cell migration analysis illustrated that H 2 O 2 treatment can significantly decreased the migration potential of H9c2 cells (Fig. 1B) . Moreover, the number of apoptotic cells was significantly increased after oxidative stress (Fig. 1C) . These data were consistent with previous studies that H 2 O 2 exposure can lead to cell injury through activation of oxidative stress.
Repression of HOTAIR accelerates H9c2 cells injury in response to oxidative stress
Previous data indicated that HOTAIR was downregulated in endstage post-ischemic heart failure patients. We wondered whether HOTAIR is involved in the cardiomyocytes damage induced by oxidative stress. qRT-PCR results showed that HOTAIR expression was significantly decreased in H9c2 cells treated with H 2 O 2 ( Fig. 2A) . To further identify the role of HOTAIR in oxidative stress, we transfected specific siRNAs of HOTAIR into H9c2 cells to reduce HOTAIR expression. qRT-PCR analysis confirmed the effective knockdown of HOTAIR in H9c2 cells (Fig. 2B) . Indeed, suppression of HOTAIR can further deteriorate the cell viability and migration potential in oxidative stress (Fig. 2C,D) . Meanwhile, the amount of apoptotic cells was significantly increased after HOTAIR knockdown and H 2 O 2 stimuli (Fig. 2E) . These data clearly indicated that knockdown HOTAIR can further accelerate H9c2 cells injury after oxidative stress stimuli.
To further identify the role of HOTAIR in H9c2 cells, we transfected pcDNA3.1-HOTAIR into H9c2 cells (Fig. 2F) . Overexpression of HOTAIR significantly increased the viability and migration potential of H9c2 cells in oxidative stress (Fig. 2G, H) . Additionally, the apoptosis of H9c2 cells was significantly decreased after HOTAIR overexpression after oxidative stress stimuli (Fig. 2I) . These data confirmed that HOTAIR indeed plays important role in regulating the biological function of H9c2 cells under oxidative stress condition. 
MiR-125 negatively regulates the proliferation and apoptosis of H9c2 cells
To figure out why HOTAIR is curial for cardiomyocytes proliferation and apoptosis in response to oxidative stress, we first examined HOTAIR cellular localization in the H9c2 cells. By dissecting the cytoplasm and nuclear potion of the H9c2 cells, we found that HOTAIR exists both in the cytoplasm and in the nuclear of the cells (Fig. 3A) , which is consistent with previous report. Next we performed bioinformatics analysis to screen HOTAIR targets and found that cytoplasm miR-125 is a target of HOTAIR. qRT-PCR results demonstrated that miR-125 expression level was significantly increased after silencing HOTAIR expression under both normal Scale bar: 50 μm. *P < 0.05 and **P < 0.01. All experiments were performed in three biological repeats.
and oxidative stress conditions, but was decreased after HOTAIR overexpression (Fig. 3B,C) . Meanwhile, the luciferase activity was decreased in H9c2 cells co-transfected with wild-type HOTAIR and miR-125 mimics, while the luciferase activity was restored in H9c2 cells co-transfected with mutant HOTAIR and miR-125 mimics (Fig. 3D) . These results confirmed that miR-125 is a target of HOTAIR.
We thus investigated whether miR-125 is associated with the proliferation and migration ability of H9c2 cells. Interestingly, miR-125 mimics significantly inhibited the viability and migration potential of H9c2 cells (Fig. 3E,F) . In contrast, the viability and migration potential was significantly enhanced in H9c2 cells transfected with miR-125 inhibitor (Fig. 3E,F) . Meanwhile, the percentage of apoptotic cells was elevated in the miR-125 mimics group, but reduced in the miR-125 inhibitor group (Fig. 3G) . These data demonstrated that miR-125 can affect the proliferation and apoptosis of H9c2 cells.
HOTAIR regulates the proliferation and apoptosis of H9c2 cells through modulating miR-125
We wondered whether miR-125 is associated with oxidative stressinduced damage in H9c2 cells. qRT-PCR was carried out to analyze the expression level of miR-125 in H9c2 cells after H 2 O 2 treatment. As shown in Fig. 4A , miR-125 expression level was significantly increased after H 2 O 2 treatment in a dose-dependent manner. As miR-125 is a target of HOTAIR, we next investigated whether the function of HOTAIR in oxidative stress-induced damage of H9c2 cells is mediated by miR-125. It was found that miR-125 inhibitor can significantly promote the viability and migration of H9c2 cells after HOTAIR suppression in oxidative stress (Fig. 4B,C) . The percentage of apoptotic cells was also reduced in H9c2 cells treated with miR-125 inhibitor after HOTAIR suppression under oxidative stress (Fig. 4D) . These data suggested that HOTAIR affected cell proliferation and apoptosis under oxidative stress via modulating miR-125. 
MMP2 is involved in oxidative stress-induced H9c2 cells injury
Given that miRNA mainly function via targeting mRNAs, we performed bioinformatics analysis and identified matrix metalloproteinases-2 (MMP2) mRNA is a miR-125 target. MMP2 is an extracellular matrix (ECM)-regulatory protein and is important for ECM homeostasis. It was found that both the mRNA level and protein level of MMP2 were decreased in the miR-125 mimics group, while restored in the miR-125 inhibitor group (Fig. 5A) . The luciferase reporter assay results indicated that miR-125 mimics inhibited the luciferase activity of the wild-type MMP2 reporter, but the luciferase activity was not changed in the mutant reporter (Fig. 5B) . Furthermore, suppression of MMP2 can deteriorate the migration and proliferation potential of H9c2 cells under normal and oxidative stress conditions (Fig. 5C,D) . The percentage of apoptotic cells were elevated after MMP2 knockdown either with or without oxidative stress stimuli (Fig. 5E) . These results suggested that MMP2 plays a role in regulating the proliferation and apoptosis of H9c2 cells.
MMP2 suppression reverses the protective effect of miR-125 inhibitors on H9c2 cells under oxidative stress
We further explored whether the regulation of MMP2 by miR-125 is involved in oxidative stress. Both qRT-PCR and western blot analysis illustrated that MMP2 expression level was decreased in H9c2 cells after H 2 O 2 treatment (Fig. 6A) . Meanwhile, the elevated viability and migration potential of H9c2 cells induced by miR-125 inhibitor under oxidative stress were impaired after suppression of MMP2 (Fig. 6B,C) . MMP2 suppression also elevated the apoptosis and blocked the cells protection effect induced by miR-125 inhibitor under oxidative stress (Fig. 6D) . These data suggested that miR-125 plays its role via regulation of the MMP2 expression in H9c2 cells under oxidative stress. The above data demonstrated that HOTAIR can regulate miR-125 expression and miR-125 can regulate the MMP2 expression in H9c2 cells after oxidative stress. We hypothesized that HOTAIR might regulate the H9c2 cells proliferation as well as apoptosis through HOTAIR/ miR-125/MMP2 axis signaling pathway. To confirm this, we investigated the regulation of MMP2 by HOTAIR under oxidative stress.
qRT-PCR and western blot analysis demonstrated that repression of HOTAIR significantly inhibited the MMP2 expression while overexpression of HOTAIR increased MMP2 expression (Fig. 7A,B) , suggesting that MMP2 is positively regulated by HOTAIR. Furthermore, modulation of HOTAIR/miR-125/MMP2 axis indeed affected cell viability, migration as well as apoptosis in H9c2 cells after oxidative stress stimuli ( Fig. 7C-E) . Taken together, our data demonstrated that HOTAIR play its role by modulation of the MMP2 expression through miR-125 in H9c2 cells in response to oxidative stress. 
Discussion
ROS generated by mitochondria is the main cause of cardiomyocytes necrosis during heart I/R injury process [22] . Under normal condition, ROS is essential for mediating cellular metabolism [23] . However, in stressful environment such as I/R injury, the ROS production is significantly elevated and exceeds the cardiomyocytes antioxidant defense system. ROS accumulation eventually leads to myocardium damage and inhibits the recovery of the heart function [24, 25] . Therefore, exploring the mechanism of cardioymocytes proliferation and apoptosis under oxidative stress is important for effective AMI therapy.
Previous studies have proved that HOTAIR is downregulated in AMI patients as well as in coronary artery ligation mice [18, 20] . These previous experiments suggested that HOTAIR plays an important role in heart function. We wondered whether HOTAIR is related to cardiomyocyte proliferation and apoptosis after pathological oxidative stress stimuli. We found that HOTAIR was downregulated in H9c2 cells after H 2 O 2 treatment. Knockdown of HOTAIR by siRNA significantly accelerated the apoptosis and reduced the proliferation of H9c2 cells, which suggested that HOTAIR is involved in the cardiomyocytes function.
As is known, lncRNAs can function as microRNA sponges and alter microRNA levels by sequestering microRNAs [26] . By bioinformatics analysis as well as luciferase experiment, we validated that miR-125 is a target of HOTAIR. The miR-125 expression pattern was negative correlated with HOTAIR level. MiR-125 significantly influenced the proliferation and apoptosis potential of H9c2 cells, which indicated that miR-125 is the down-stream target of HOTAIR.
MicroRNAs silence protein expression usually by binding to the complementary sequences in target mRNAs to promote mRNA degradation. Bioinformatics analysis identified MMP2 as a target of miR-125. MiR-125 mimics decreased MMP2 expression, while miR-125 inhibitors increased the MMP2 expression. Several reports indicated that MMP2 not only degrades proteins in the ECM, but also promotes cell growth by releasing growth factors from their inactive membrane-bound form [27] [28] [29] . MMP2 knockdown significantly reduced H9c2 cell proliferation and promoted H9c2 cell apoptosis. We also found that the MMP2 expression level was positively correlated with HOTAIR level and negatively correlated with miR-125, which indicated that the HOTAIR/miR-125/MMP2 signaling axis indeed exists in the H9c2 cells.
In summary, in this work, we demonstrated that HOTAIR expression was significantly downregulated in H9c2 cells after sublethal concentration of H 2 O 2 treatment. HOTAIR knockdown can accelerate the apoptosis of H9c2 cells. It was further verified that HOTAIR can regulate the apoptosis of H9c2 cells through modulating the expression of MMP2, which was mediated by miR-125. For the first time, we demonstrated the molecular mechanism by which HOTAIR regulates the proliferation and apoptosis of H9c2 cells under oxidative stress, which provided an exploitable target for the development of new drugs for AMI therapy.
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